This paper describes the experimental assessment of gas permeability of carbon fiber/toughened epoxy laminates under cyclic loadings as a fundamental research for the development of composite cryogenic propellant tank for reusable space transportation system. A thin-ply technique, which may contribute to the enhancement of damage resistance of CFRP laminates, is introduced herein, and the damage accumulation behaviors and gas permeability are compared between thin-ply laminates and standard laminates subjected to cyclic tension and impact.
Introduction
A wide application of composite materials is one of the major technical challenges for the structural weight reduction of the future expendable and reusable space launch vehicles (ELV/RLV) 1) . Propellant tanks are the dominating structural components of the launch vehicles, and thus, the application of carbon fiber-reinforced plastics (CFRP) to the propellant tanks is one of the most promising technologies for achieving the goal of weight reduction.
It is well-known that CFRP laminates are susceptible to microscopic damages (e.g. microcracking, delamination) [2] [3] [4] owing to thermo-mechanical loadings and foreign object impacts during operation, characterization of microscopic damages is significantly important for composite tank structures. In addition, the accumulation of these microscopic damages, which are, in general, barely visible, might induce severe propellant leakage resulting in a serious threat to the vehicle 5) , especially if a tank is to be unlined. Therefore, investigation into damage accumulation behaviors and leakage or permeability characteristics of CFRP laminates subjected to cyclic loadings is necessary for the safety and the reliability of the composite tanks for launch vehicles, specifically, for RLVs.
This paper describes the experimental assessment of gas permeability of carbon fiber/toughened epoxy laminates subjected to cyclic loadings as a fundamental research for the development of composite cryogenic propellant tanks for reusable space transportation system. It was demonstrated that use of thin-ply prepregs for CFRP laminates contributes to enhancement of damage resistance properties under static tensile loading at room and cryogenic temperatures 6) . Therefore, quasi-isotropic CFRP laminates using both standard and thin-ply prepregs are prepared, and cyclic tensile tests and cyclic transverse impact tests are performed. Damage accumulation behaviors and gas permeability of these laminates are investigated at room temperature.
Experimental Procedure
Experimental program contained cyclic tests (tension and impact), non-destructive evaluation of microscopic damages in laminates, and gas permeation tests. All tests were conducted at room temperature. Each experimental procedure is summarized in the following sections.
Specimen
The material system used in this study was MR50/#1063EX, intermediate modulus carbon fiber and toughened epoxy system, supplied by Mitsubishi Rayon Co., ltd. The fiber areal weight of the prepreg was 145 g/m 2 for standard prepreg and 75 g/m 2 for thin-ply prepreg. The nominal resin content was 32 wt%, and the nominal ply thickness was 0.14mm and 0.07mm for standard and thin-ply prepreg, respectively. Quasi-isotropic laminates, [45/0/-45/90] 2S , were prepared for tensile test and impact test using standard prepregs. For thin-ply prepregs, [45/0/-45/90] 4S laminates were used. The resulting volume fractions of the carbon fiber were estimated as about 60% for all laminates.
Cyclic tensile test
Specimens with 200mm length and 40mm width were cut from standard [45/0/-45/90] 2S laminates and thin-ply [45/0/-45/90] 4S laminates. GFRP tabs with 50mm length were attached to the specimens. Cyclic tensile loads were applied to the specimens using a hydraulic-driven testing machine (Instron 8802) until the specimens fractured or cyclic number reached 10000. As fatigue S-N curves of standard and thin-ply quasi-isotropic laminates were obtained in the previous study 6) , the maximum stresses were set to be 600, 650, and 700 MPa. The stress ratio was fixed to be 0.1. Schematics of applied cyclic loads are explained in Fig. 1. 
Cyclic impact test
Specimens with 150mm length and 100mm width were prepared from standard [45/0/-45/90] 2S laminates and thin-ply [45/0/-45/90] 4S laminates. Transverse impact tests of CFRP laminates were carried out in reference to SACMA SRM-2 7) . Impact loading was applied using a drop-weight type machine, Instron Dynatup 9250, with a hemispherical impactor (diameter: 15.9 mm, weight: 5.065kg) and a support steel base containing a rectangular cutout of 132 mm length (0 o direction) and 76 mm width, as shown in Fig.2 . The impact energy per thickness was set to be 3.3J/mm. Note that the impact energy was defined simply as the product of the weight and the drop height of the impactor. Cyclic impacts were applied to the center of the specimens. 
Non-destructive evaluation
Some specimens after cyclic tensile loadings were subjected to X-ray radiography in order to investigate the microscopic damage accumulation (mainly transverse cracks) in laminates during cyclic tension. When the specimens were unloaded, ZnI 2 penetrant was applied to the edges of the specimens and X-ray radiographs (SV-100AW, Softex) of the specimens were captured. For impacted specimens, ultrasonic inspection (SDS5400R, Krautkramer) using 5 MHz probe was applied as the main damage mode of the impacted specimens was considered to be interlaminar fracture (i.e. delamination).
Gas permeation test
Permeability measurement of the specimens subjected to cyclic tensile loadings and cyclic transverse impacts was conducted at room temperature using gaseous helium and a helium leak detector (HELIOT702, ULVAC). Steel leak measurement fixtures (gas supply and evacuation), see Fig. 3 , were attached and clamped to the specimens using rubber O-rings. The covered area was about 55mm x 25mm for tensioned specimens and about 60mm square for impacted specimens, respectively. Helium gas was supplied to the one side of the specimen; the other side was connected to the helium leak detector and subjected to a vacuum condition. The pressure difference was set as 0.1MPa. The schematic and apparatus of the permeation test are shown in Fig. 4 for specimens subjected to cyclic tension. As the diffusion-controlled permeability of CFRP laminates is not critical compared to damage-induced permeability 8) , the latter permeability is focused on in this study. The damage-induced permeability exhibits sudden substantial gas leakage and steady-state leakage quickly when helium gas is applied to the specimen. Therefore, helium gas leak rates just after the gas supply were recorded. Gas permeation test of specimens under cyclic impacts was conducted following the previous research 9) . Gas permeation was recorded after each impact test.
Experimental Results

Cyclic tensile test
Damage accumulation behaviors in standard and thin-ply laminates are compared in Fig. 5 , which shows the specimens subjected to 1000 cycles with maximum stress of 650 MPa. Matrix cracks in 90-degree plies were observed in both standard and thin-ply laminates, but it can be concluded that standard laminates are more susceptible to matrix crack accumulation. Note that edge delaminations occurred in standard laminates. In other loading cases, similar trends were observed. It was demonstrated that thin-ply laminates have more resistance against microscopic damages under cyclic tension.
However, gas permeation tests suggested that no severe leak was observed in standard nor in thin-ply laminates until laminate failure. In this program, cyclic uni-axial tensile loadings were applied to quasi-isotropic laminates, which induced matrix cracks in 90 and 45-degree plies. It is considered that 0-degree ply cracks were not induced within the cases in this study, and no leak path formed through thickness direction even in standard laminates. Although gas leakage was not able to be evaluated, thin-ply laminates exhibited higher damage resistance under cyclic tension than standard laminates. Therefore, it is expected that thin-ply laminates have high gas barrier properties under cyclic tension compared to standard laminates. 
Cyclic impact test
Load-deflection curves during 3.3J/mm repeated impact are shown in Fig. 6 , which shows the comparison between standard and thin-ply laminates. In the case of standard laminates, load-deflection curves during second, third, and forth impacts exhibit similar curves, and the first curve has higher stiffness than the rest curves. In contrast, stiffness of thin-ply laminates decreased in conjunction with increase in impact number. Note that plateau regions were identified in load-deflection curves in thin-ply laminates, and standard laminates exhibited high maximum applied loads compared to thin-ply laminates.
Ultrasonic C-scanning images after the first and third impacts are shown in Fig. 7 . These images indicate that delaminations accumulated after the first impact in both laminates, and delamination area increased especially in thin-ply laminates. This observation coincides with the stiffness reduction in load-deflection curves. Projected delamination areas are compared in Fig. 8 between standard and thin-ply laminates. Thin-ply laminates have large delamination area and significant increasing tendency compared to standard laminates. Note that delaminations extending to the top right direction in thin-ply laminates are located in the most backside interface along transverse crack in 45 degree ply.
The measured gas permeability is shown in Fig. 9 . Both laminates exhibited no severe gas leakage after the first impact. However, thin-ply laminates exhibited severe leakage (more than 10 -4 Pa m 3 /sec) after the second impact, whereas standard laminates exhibited no severe leakage (around 10 -9 Pa m 3 /sec) at least up to the forth impact. It can be concluded that thin-ply laminates are susceptible to damage accumulation and through-the-thickness gas leakage owing to cyclic transverse impacts. The plateau regions in load-deflection curves of thin-ply laminates were observed as shown in Fig.6 . This phenomenon indicates that fatal microscopic damages (e.g. fiber failure) accumulated in thin-ply laminates under impact loading. Thin-ply laminates generally have higher damage resistance properties as indicated in the cyclic tensile tests and the previous study 6) . However, contrary to the authors' expectation, thin-ply laminates have less damage resistance and gas barrier properties than standard laminates when transverse impact loadings are applied. Therefore, the authors propose that cryogenic tank structures are categorized into general zone and danger zone where the possibility of foreign object impact events is high. Then, thin-ply laminates are applied to general sections and standard plies or countermeasures for impact events (e.g. cushion) are used in danger sections in tank structures. 
Conclusions
Experimental characterization of damage accumulation and gas permeability of carbon fiber/toughened epoxy laminates subjected to cyclic tension and impact was reported as a fundamental study of applicability of CFRP laminates to cryogenic tank structures. Standard and thin-ply laminates were prepared and subjected to cyclic tensile and transverse impact tests, nondestructive inspections, and helium gas permeation tests.
Experimental results indicated that thin-ply laminates have higher damage resistance under cyclic tensile loadings than standard laminates, which shows the effectiveness of use of thin-ply laminates on tank structures. However, thin-ply laminates are susceptible to damage accumulation and through-the-thickness gas leakage owing to cyclic transverse impact compared to standard laminates. Although further investigations are necessary for the conclusion of the gas permeability behaviors subjected to transverse impact, countermeasures for foreign object impacts may be necessary when thin-ply laminates are applied to tank structures.
